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Carbonic anhydrase“Gamma-type carbonic anhydrase-like” (CAL) proteins form part of complex I in plants. Together with “gamma
carbonic anhydrase” (CA) proteins they form an extra domain which is attached to the membrane arm of com-
plex I on its matrix exposed side. In Arabidopsis two CAL and three CA proteins are present, termed CAL1, CAL2,
CA1, CA2 and CA3. It has been proposed that the carbonic anhydrase domain of complex I is involved in a process
mediating efﬁcient recycling of mitochondrial CO2 for photosynthetic carbon ﬁxation which is especially impor-
tant during growth conditions causing increased photorespiration. Depletion of CAL proteins has been shown to
signiﬁcantly affect plant development and photomorphogenesis. To better understand CAL function in plants we
here investigated effects of CAL depletion on the mitochondrial compartment. In mutant lines and cell cultures
complex I amount was reduced by 90–95% but levels of complexes III and V were unchanged. At the same
time, some of the CA transcripts were less abundant. Proteome analysis of CAL depleted cells revealed signiﬁcant
reduction of complex I subunits as well as proteins associated with photorespiration, but increased amounts of
proteins participating in amino acid catabolism and stress response reactions. Developmental delay of the
mutants was slightly alleviated if plants were cultivated at high CO2. Proﬁling of selected metabolites revealed
deﬁned changes in intermediates of the citric acid cycle and amino acid catabolism. It is concluded that CAL pro-
teins are essential for complex I assembly and that CAL depletion speciﬁcally affects central mitochondrial
metabolism.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Themitochondrial NADHdehydrogenase complex (complex I) is the
largest enzyme complex of the respiratory chain. It transfers electrons
from NADH to ubiquinone and at the same time translocates protons
across the inner mitochondrial membrane [1]. Complex I is composed
of two large and longish domains called “arms”: the “membrane arm”,
which is mostly embedded into the inner mitochondrial membrane,
and the “peripheral arm”, which protrudes into the mitochondrial ma-
trix. Both arms are connected end-by-end forming an L-like particle.
NADH oxidation takes place at the tip of the peripheral arm. Electrons
are transferred to the ‘ubiquinone-binding pocket’. Reduction ofisoelectric focusing following
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. Braun).ubiquinone ﬁnally drives protein translocation across the membrane
arm. Until recently, the coupling between electron transfer and protein
translocation at complex I was not understood. Meanwhile, the crystal
structure of bacterial complex I has been resolved [2]. Furthermore,
structural data were reported for yeast and mammalian complex I
[3,4,5]. Interpretation of these structures indicates that far-ranging
conformational changes take place within complex I during its catalytic
cycle [2,6,5,7].
Mitochondrial complex I of higher eukaryotes includes more than
40 subunits (44 in bovine and about 49 in Arabidopsis mitochondria;
[8,9,10,11]). In plants complex I comprises an extra spherical domain
which is attached to the membrane arm on its matrix exposed side
[12]. It includes subunits resembling γ-type carbonic anhydrases
which are absent in complex I particles from fungi and animals
[13,14]. The Arabidopsis genome encodes ﬁve distinct γ-type
carbonic anhydrases, all of which form part of mitochondrial
complex I: three subunits which contain a completely conserved active
site, termed carbonic anhydrase 1, 2 and 3 (CA1, CA2 and CA3), and two
more derived subunits which lack some of the active site amino acid,
termed “carbonic anhydrase-like” proteins 1 and 2 (CAL1 and CAL2).
Not all ﬁve CA/CAL proteins are simultaneously present in individual
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trimer [15,16,11]. The CAL1 and CAL2 proteins of Arabidopsis exhibit
91% sequence identity and possibly represent isoforms. Carbonic
anhydrase activity so far has not been demonstrated for any of
the CA/CAL proteins but it was shown that CA2 homotrimers bind
CO2/HCO3−[17].
The physiological role of the CA/CAL subunits of complex I in plants
has been investigated by the use of Arabidopsis knock out lines [18,15,
19,20]. Deletion of the genes encoding CA2 or CA3did not cause a visible
phenotype under the conditions tested. However, an Arabidopsis cell
culture lacking CA2 had a reduced growth rate and reduced respiration.
Interestingly, amounts of complex I are very low in Δca2mutants, indi-
cating an essential role of CA2 for assembly of this protein complex [18].
Electrophoretic analyses of the remaining complex I revealed that ab-
sence of CA2 does not alter subunit composition of complex I to a signif-
icant extent. Similarly, analyses by single particle electron microscopy
revealed that the carbonic anhydrase domain of complex I has a normal
shape in plants lacking CA2. It has been concluded that CA2 is replace-
able by other CA subunits [15]. CA2 forms part of small assembly inter-
mediates of complex I which accumulate in some complex I mutants
[19]. Additionally, labeling experiments using 15N and in vitro assembly
studies revealed that the CA/CAL domain represents a key factor for
early steps in complex I assembly in plants [21]. Single mutants of all
ﬁve CA/CAL proteins were phenotypically analyzed by Wang et al.
[20]. All mutants did not exhibit altered phenotypes compared to
wild-type plants at the conditions tested. Therefore, plants lines defec-
tive in more than one gene encoding CA/CAL subunits of complex I
have to be generated to further investigate the physiological role of
this protein family.
So far, four different Arabidopsis double mutants with respect to
the complex I integrated carbonic anhydrases have been analyzed,
Δcal1/Δcal2, Δca1/Δca3 and two lines lacking CA2 and additionally
either CAL1 or CAL2 [20,22]. While plants defective in CA1 and CA3
do not have an altered phenotype, the Δca2/Δcal1 and Δca2/Δcal2
lines show growth retardation which is reverted by cultivating
plants in a high carbon dioxide atmosphere [22]. In contrast, plants
lacking CAL1 and CAL2 suffer from embryonic defects [20]. Seeds
homozygous for CAL1 and CAL2 deletions initially have a colorless
and later a deep-brown phenotype. To obtain viable plants the
CAL2 gene was down-regulated by RNAi in the background of a
homozygous CAL1 knockout. Δcal1/cal2i plants showed delayed
germination and signiﬁcantly postponed development. In the light,
Δcal1/cal2i plants developed a short hypocotyl phenotype. The
gene encoding chalcone synthase, a key enzyme of anthocyanin
synthesis, was induced in the mutant lines. It is concluded that
CAL1 and CAL2 play important roles in light-dependent growth and
development in Arabidopsis [20].
To better understand the physiological role of CAL proteins in plants,
we here report a characterization ofΔcal1/cal2i lineswith respect to the
mitochondrial compartment. Complex I level in the mutant is reduced
by 90%–95%. Also, oxygen consumption of isolated mitochondria is
much diminished. Comparative proteome analyses reveal several
changes in the mutant, which not only refer to complex I subunits, but
also point to speciﬁc alterations of central mitochondrial metabolism.
This ﬁnding was conﬁrmed by the proﬁling of selected mitochondrial
metabolites. Conclusions on the physiological role of the complex
I-integrated CAL proteins are discussed.
2. Material and methods
2.1. Plant material and growth conditions
Arabidopsis (Arabidopsis thaliana) lines used for this study were
of the Columbia ecotype. RNAi lines were obtained from Qin Wang,
Hunan University, China (for details see [20]).Plants were grown
on 1/2 MS medium in climate chambers under the followingconditions: 12 h of light (120 μmol s−1 m−2) / 12 h of dark, 22 °C,
65% humidity, and either 400 ppm or 2000 ppm CO2. After four
weeks plants were transferred to soil and cultivation was continued
at the same conditions.
Cell cultures of Arabidopsis lines were established as described by
May and Leaver [23]. Callus was maintained as suspension culture
according to Sunderhaus et al. [15]. Growth rates of cell cultures
were determined using 1.5 g starting material. Weight increase was
determined after three, ﬁve and seven days. This time period was
chosen because growth of cell culture lines is linear up to seven
days [24].
2.2. Transcript analysis
RNA preparation with TRIzol and cDNA synthesis were performed
according to Heimann et al. [25]. The concentration of RNA was mea-
sured photometrically and controlled by agarose gel electrophoresis.
Quantitative PCR was carried out using sequence speciﬁc oligonucleo-



















SYBR Green mediated ﬂuorescence was measured using an ABI
PRISM 7300 camera (Life Technologies). Ampliﬁcation started with an
initial denaturation (2 min, 95 °C) and was followed by 40 alternating
cycles of 15 s at 95 °C/1min at 60 °C. Afterwards, amelting curvewas re-
corded. Transcript quantities were standardized for abundance of the
housekeeping transcript glyceraldehyde-3-phosphat-dehydrogenase
(GAPDH, At1g13440).
2.3. Isolation of mitochondria
Mitochondria from cell culturewere puriﬁed by differential centrifu-
gation and Percoll density gradient centrifugation as described by
Werhahn et al. [26]. Isolation of mitochondria from green leaves was
performed according to the protocol of Keech et al. [27] (method A).
2.4. Protein gel electrophoresis procedures
One-dimensional Blue native PAGE (1D BN PAGE) was performed
according to Wittig et al. [28]. Mitochondrial membranes were solubi-
lized by digitonin at a concentration of 5 g/gmitochondrial protein [29].
Two-dimensional IEF/SDS-PAGE was carried out as described by
Mihr and Braun [30]. For the IEF gel dimension, Immobiline DryStrip
gels (24 cm, nonlinear gradient pH 3–11) were used. Focusing took
place for 24 h at 30 to 8000 V using the Ettan IPGphor 3 system (GE
Healthcare).
Fig. 1.Comparison of phenotypes of Arabidopsiswt andΔcal1/cal2i lines. A: rosette of four
weeks old plants, B: six weeks old plant, C: outer rosette diameter and number of rosette
leaves of wt and Δcal1/cal2i lines. n = 6 (biological), mean ± SE, **p ≤ 0.01 (student's
t-test).
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for 15 min with DTT (0.4 g/40 ml) and afterwards 15 min with
iodoacetamide. SDS PAGE was carried out using the High Performance
Electrophoresis (HPE) FlatTop Tower-System (Serva Electrophoresis)
using precast Tris–Glycine gels (12.5% polyacrylamide, 24 × 20 cm).
Polyacrylamide gels were stained with Coomassie Brilliant Blue
G250 according to the protocol of Neuhoff et al. [31,32]. However,meth-
anol in the ﬁxing and staining solutions was substituted by ethanol
(p.A.). Comparative proteome analyses were based on gel triplicates
and data evaluation using the Delta 2D software 4.3 (Decodon,
Greifswald, Germany) according to Berth et al. [33] and Lorenz et al.
[34].
2.5. Protein identiﬁcation by mass spectrometry
Tryptic digestion of proteins and identiﬁcation of proteins by MS
using the EASY-nLC System (Proxeon, Thermo Scientiﬁc, Bremen,
Germany) and coupled MS analyses using the MicrOTOF-Q II mass
spectrometer (Bruker Bremen, Germany) were performed as described
by Klodmann et al. [16].
MS primary data were evaluated using the Proteinscape software
(version 2.1, Bruker, Bremen, Germany), the Mascot Search Engine
(Matrix Science, London, UK), the Arabidopsis protein database
(www.arabidopsis.org; release TAIR 10), and an updated version of a
complex I database [16], that represents a subset of the Arabidopis
protein database. The threshold Mascot Score was set to 80 for proteins
and 20 for peptides.
2.6. Enzyme activity assays
In-gel NADH dehydrogenase activity staining for complex I was
carried out according to Jung et al. [35]. Stripes of one-dimensional
gels were washed twice for 10 min in ddH2O. Afterwards, gel stripes
were incubated in staining solution (100 mM Tris–HCl, pH 7.4, 0.14 mM
NADH, 1 mg/ml NBT) until the purple staining of the bands representing
the I + III2 of supercomplex and monomeric complex I become visible.
The reaction was stopped in a solution containing 15% (v/v) ethanol
(p.A.) and 10% (v/v) acetic acid. All steps were carried out at room
temperature.
Photometric NADHdehydrogenase activitywasmeasured using 2 μg
mitochondrial proteins at 420 nm in an Epoch Microplate Spectropho-
tometer (Biotek, Winooski, VT, USA) at room temperature in the
presence of 50 mM Tris–HCl, pH 7.4, 500 μM K3Fe(CN)6 and 200 μM
deamino NADH [36,37].
2.7. Oxygen consumption measurements
Oxygen consumption of isolated mitochondria was measured
using a Clark-type oxygen electrode (Hansatech Instrument, Norfolk,
UK) according to Meyer et al. [38]. Reaction buffer included 100 μg
mitochondrial protein in 3 ml respiration buffer (300 mM sucrose,
5 mM KH2PO4, 10 mM TES, 10 mM NaCl, 2 mM MgSO4, 0.1% (w/v)
BSA, pH 6.8) in the presence 120 μM CoA, 200 μM TPP, 2 mM
NAD+, 10 mM glutamate and 10 mM malate. At stable oxygen con-
sumption, 200 μM ADP was added for measuring ADP dependent
respiration.
2.8. Metabolite analysis
Formetabolite extraction, Arabidopsis plantswere grown at 400 ppm
CO2 and 2000 ppm CO2 with a day night rhythm of 12 h/12 h at 120 μE.
Whole plantswere harvested at the age of 4weeks.Material of ﬁve to six
plants of the same genotype was pooled. Plant material was subse-
quently ground in reaction tubes. Oneml of prechilled extraction buffer
(1 vol. of H2O, 1 vol. of ChCl3, and 2.5 vols. of methanol) containing 5 μl
12C-ribitol of a 2 mg/ml stock solution was added to 20 to 50 mg ofsample material for polar phase preparation. The samples were mixed
for 5 min at 4 °C. After centrifugation (2 min, 16.000 ×g), 500 μl of the
supernatant were mixed with 250 μl of ultra pure H2O and centrifuged
again (2 min, 16.000 ×g). 250 μl of the top layer (polar phase) were
dried in a speed-vac concentrator. Derivatization, addition of standards,
and sample injection were performed as described in Lisec et al. [39].
Chromatograms and mass spectra were analyzed and evaluated using
ChromaTOF® (LECO Corporation, St. Joseph, Mi, USA) software. A
standard curve of puremetaboliteswas used for calculating the amount
of metabolites in the samples per g fresh weight.3. Results
3.1. Arabidopsis Δcal1/cal2i lines and cell cultures grow slower
To verify developmental properties previously described for Δcal1/
cal2i lines [20], wild-type and mutant plants were cultivated in soil at
standard growth conditions (Fig. 1). Three independent mutant lines,
termed Δcal1/cal2i-1, Δcal1/cal2i-5 and Δcal1/cal2i-20, were analyzed.
At seven weeks rosettes of the mutants were clearly smaller (rosette
diameter: 7 versus 14 cm; number of rosette leaves: 16 versus 38).
Furthermore, ﬂowering was signiﬁcantly delayed in all mutant lines
(Fig. 1). These results are in line with observations published before
[20]. To facilitate biochemical investigations, suspension cell cultures
were established for Δcal1/cal2i and wild-type plants. Growth rates
of mutant cell cultures were reduced by about 50% relative to the
wild-type culture (Fig. 2). Expression analyses of the ﬁve CA/CAL
genes in Δcal1/cal2i plants revealed that CAL1 expression was
reduced by about 90% and CAL2 expression by about 50%. (Fig. 3).
These values correspond exactly to previously published data ([20],
Fig. 5A). Residual detection of CAL1 transcripts probably occurs
due to the insertion site of the T-DNA within an intron of the gene
(the T-DNA might become partially excised by splicing). Interestingly,
expression of the CA1, CA2 and CA3 genes also was slightly reduced in
some of the RNAi lines.
Fig. 2. Freshweight increase of Arabidopsiswt andΔcal1/cal2i-5 cell cultures. Startingma-
terial (day 0) for wt (black bars) and Δcal1/cal2i-5 (white bars) was 1.5 g, respectively.
Fresh weight (g) was recorded after three, ﬁve and seven days. n = 9 (biological),
mean ± SE, **p ≤ 0.01 (student's t-test).
Fig. 4. Oxygen consumption of Arabidopsis wt and Δcal1/cal2i-5 lines. Oxygen consump-
tion of isolated mitochondria was measured at state III using a Clark-type oxygen
electrode. n = 5 (technical), mean ± SE, **p ≤ 0.01 (student's t-test).
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consumption rates and drastically reduced amounts of complex I
Mitochondria were isolated from Δcal1/cal2i-5 and wild-type cell
lines in order tomonitor consequences of the induced genetic alterations
onmitochondrialmetabolism. Usingmalate and glutamate as substrates,
state III respiration was reduced by 30% in mitochondria isolated
from the mutant cell lines (Fig. 4). Blue native (BN) polyacrylamide gel
electrophoresis (PAGE) was carried out to investigate the proteinFig. 3. Expression of CA and CAL genes in Arabidopsis Δcal1/cal2i-1, Δcal1/cal2i-5 and
Δcal1/cal2i-20 lines relative to wt. n = 5 (biological), mean ± SE, **p ≤ 0.01 (student's
t-test).complexes of the mitochondrial oxidative phosphorylation (OXPHOS)
system in mutant and wild-type lines. Bands representing the I + III2
supercomplex and monomeric complex I were drastically reduced by
90–95% in organelles from mutant lines (Fig. 5A). In contrast, the com-
plexes III2 and V of the OXPHOS system were present at unchanged
abundances. Bands representing complex II and IV in general are diffuse
upon BN-PAGE of mitochondrial fractions from Arabidopsis and are not
clearly detectable. However, no differenceswere visible in the respective
gel regions in wt andmutant cell lines. We therefore conclude that com-
plexes II and IV most probably also are of unchanged abundance in the
mutant lines. Residual complex I and I + III2 supercomplex have
NADH:NBT oxidoreductase activity as revealed by an in gel activity
assay (Fig. 5B). BN PAGE analysis was repeated for organelles isolated
from leaves of wild-type and Δcal1/cal2i plants (Fig. 5C and D). As
found for organelles isolated from cell cultures, complex I and I + III2
levelswere drastically reduced. Finally, a photometric NADHdehydroge-
nase assay was performed for mutant and wild-type cells. Deamino
NADH was used for this assay because it can be used by complex I but
not as well by the alternative NADH dehydrogenases for substrate [40].
Reduction of activity in themutant was in the range of 70%. In summary,
complex I and I+ III2 supercomplex levels inΔcal1/cal2i lines are strong-
ly reduced, causing a substantial drop in complex I activity. However,
residual complex I activity is still detectable in the mutant lines.3.3. Δcal1/cal2i mutants do not accumulate complex I assembly
intermediates
Complex I assembly proceeds via assembly intermediates of about
200, 420, 470, 650 and 850 kDa which were described previously
[19,41,21]. Their abundances are comparatively low but they can be vi-
sualized by BN PAGE in combination with immunoblotting using anti-
bodies directed against complex I subunits. Using this experimental
approach, several assembly intermediates were detectable in wild-
type plants, which all included CA as well as CAL proteins (Fig. 6A). In
a strict sense, this experiment does not allow discriminating between
assembly intermediates of complex I and break-down products. How-
ever, the masses of the observed subcomplexes nicely match to those
previously identiﬁed representing assembly products of complex I
[19]. In Δcal1/cal2i lines complex I and supercomplex I + III2 levels
were much reduced (only became visible upon prolonged immune
Fig. 5.NADHoxidation activity of complex I inmitochondrial fractions of Arabidopsiswt andΔcal1/cal2i-5 and 20 lines. Protein complexes ofmitochondria isolated from cell culture (Aand
B) and plant leaves (C and D)were resolved by Blue native PAGE. Gels were stained with colloidal Coomassie (A and C). Corresponding gels (B and D)were used for in gel activity assays
using NBT as artiﬁcial electron acceptor. Molecular masses of the resolved protein complexes are given to the left of the ﬁgure. Identity of selected mitochondrial protein complexes are
given in between the gels (I: complex I; V: complex V; III2: dimeric complex III; I + III2: supercomplex formed of complex I and dimeric complex III; F1: F1 part of complex V).
E: Photometric NADH dehydrogenase activity assay of mitochondria isolated from cell culture using deamino NADH. n = 3 (biological), mean ± SE, **p ≤ 0.01 (student's t-test). Note:
Deamino NADH is well suited to monitor complex I activity speciﬁcally. However, residual activity of other NADH dehydrogenases cannot be totally excluded.
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Results could not be evaluated quantitatively, but clearly indicate that
assembly intermediates did not accumulate in mutant lines. We con-
clude that the entire complex I assembly process is strongly compro-
mised in mutant lines.Fig. 6.Complex I assembly intermediates in Arabidopsiswt (A) andΔcal1/cal2i-5 (B) lines.
Total mitochondrial proteins were separated by 2D BN-SDS PAGE. Gels were
immunoblotted and stained with an antibody directed against CA/CAL proteins. Note:
since immune signals were hardly visible in the mitochondrial fraction of the mutant
the immune development was prolonged (part B of the ﬁgure). The positions of CA and
CAL proteins are indicated to the right of the blots. I + III2: supercomplex formed by
one copy of complex I and dimeric complex III (I + III2); I: complex I.3.4. Comparative proteome analysis of wild-type and Δcal1/cal2i lines
Reduced complex I assemblymay cause accumulation ofmonomeric
complex I subunits. Furthermore, reduction of CA/CAL proteins
might induce further changes within the mitochondrial proteome. To
systematically compare abundances of mitochondrial proteins in wild-
type and Δcal1/cal2i lines, total protein of isolated mitochondria was
separated by 2D IEF-SDS PAGE. About 1200 protein spots were detected
on the resulting 2D gels upon Coomassie staining (Supp. Fig. S1A). Data
evaluation was carried out using the Delta 2D software package
(Decodon, Greifswald) (Supp. Fig. S1B).
Volumes of 123 protein spots were signiﬁcantly changed between
wild-type and mutant lines (change N1.5 fold). Of these, 81 protein
spots were of reduced volume in the Δcal1/cal2i line, whereas 42 pro-
tein spots were of increased volume in the mutant (Fig. 7). All 123
spots were analyzed by mass spectrometry (spots of decreased volume
in themutantwere cut out from thewild-type 2D gel, spots of increased
volume in the mutant from the 2D gel of the mutant). Overall, 283 pro-
teins were identiﬁed. Total number of different proteinswas 150 (some
proteinswere identiﬁed inmore than one spot). At the same time,more
than one protein was identiﬁed for several spots. Changes in volume
were only assigned to a speciﬁc protein, if a spot only included one
main protein. This further reduced the number of unambiguously
changed proteins to 85. 56 of these proteins were of decreased abun-
dance in the mutant and 29 of increased abundance (Table 1).
Evaluation of the set of 84 reveals speciﬁc differences between the
mitochondrial proteomes of mutant and wild-type cells (Fig. 8):
(i) Overall, 23 complex I subunits were identiﬁed. All of them are less
abundant in the mutant except for one subunit. The average reduction
with respect to wild-type cells is 3 fold (the highest reduction is 8
fold). (ii) The L subunit of the glycine decarboxylase complex (GDC)
and serine hydroxymethyl transferase (SHMT), both involved in
photorespiratory metabolism, were reduced about 2.3 fold in average.
However, the SHMT2 isoform identiﬁed here is not involved in photo-
respiration in leaf mesophyll cells [42]. (iii) Likewise, subunits of
Fig. 7. Comparative analysis of themitochondrial proteomes of Arabidopsiswt andΔcal1/cal2i-5 lines. Mitochondriawere isolated as described inMaterials andMethods. Total mitochon-
drial protein was separated by 2D IEF–SDS PAGE and proteins were stained by Coomassie blue. Three replicates were produced per fraction and used for the calculation of master gels
(Delta 2D software package, Decodon, Germany). The molecular masses of standard proteins are given to the left of the 2D gel (in kDa). Isoelectric focusing range is form pH 3 (left) to
pH 11 (right). Proteins indicated in pink are more abundant in the mutant (N1.5 fold increase); proteins indicated in green are less abundant in the mutant. Spots indicated by numbers
were identiﬁed by mass spectrometry (for results see Table 1).
65S. Fromm et al. / Biochimica et Biophysica Acta 1857 (2016) 60–71pyruvate dehydrogenasewere reduced 2 fold in average. (iv) Glutamate
dehydrogenase and oxoglutarate dehydrogenase were both induced in
the mutant (1.7 to 3.5 fold). The latter enzyme catalyzes a step of the
TCA cycle. In contrast, no other enzymes of the TCA cycle were found
to be of changed abundance in the mutant. (v) Prohibitins and several
stress related proteins were much induced in the mutant (1.5 to 7
fold). (vi) Several further proteins were of changed abundance and
are potentially involved in metabolic adaptations necessary to compen-
sate for reduced CAL levels.
We conclude that non-assembled complex I subunits did not accu-
mulate in Δcal1/cal2i lines, but subunits were either synthesized at
lower rates or speciﬁcally degraded or both. Reduction of the L subunit
of the GDC might cause a reduced capacity for glycine— serine conver-
sion during photorespiration. In contrast, glutamate and pyruvate break
downmight be increased in the mutant. Finally, biosynthesis of several
stress-related proteins was clearly induced in the mutant.
3.5. Growth properties of wild-type andΔcal1/cal2i lines at low and high CO2
Reduced abundance of the L-protein of GDCmight affect photorespi-
ration. To test for a photorespiratory phenotype, wild-type and mutant
plants were cultivated in parallel at 400 and 2000 ppm CO2. Rosette
diameters of plants were determined after six weeks of cultivation. In
accordance with our previous investigations (Fig. 1), rosette diameter
of mutant plants was reduced by about 50% compared to wt plants at
400 ppm CO2 (Fig. 9). Cultivation at high CO2 did not revert the mutant
phenotype: rosette diameters forwt andmutant plantswere slightly in-
creased, but the rosette diameter of the mutant plants was still signiﬁ-
cantly smaller. Increase in the rosette diameter at high CO2 was +19%
for wt plants and+22–34% for mutant plants. We conclude that the in-
crease in rosette diameter of mutant plants with respect to wt plants
was slightly larger. However, high CO2 did not revert the phenotype of
the mutant which was reported for several other mutants of genes
directly involved in photorespiration [43].
3.6. Central mitochondrial metabolism is modiﬁed in Δcal1/cal2i lines
Changes in protein levels related to photorespiration and pyruvate
and glutamate metabolism indicated alterations of the centralmitochondrial metabolism in Δcal1/cal2i lines. Therefore, selected
metabolites related to mitochondrial metabolism were quantiﬁed
by GC–MS (Fig. 10). As reported previously [44], glycine was high
at ‘end of the day’ (EoD) in wt plants but much lower at ‘end of the
night’ (EoN). Two out of three mutant lines showed a reduction in
glycine accumulation EoD. At 2000 ppm CO2, glycine accumulation
during the day was diminished for all genotypes. However, levels
were here higher in the mutants compared to the wt. Differences in
serine concentrations were less pronounced in mutants and wt.
This resulted in an overall reduced glycine/serine (gly/ser) ratio in
the mutants at 400 ppm CO2, but not 2000 ppm CO2. Gly/ser ratios
are often used as a proxy for photorespiratory ﬂux. Levels of most
TCA cycle intermediates and glutamate were increased in the mutants
with the exception of succinate that was decreased (Fig. 10). These data
suggest thatmitochondrial respiratory andphotorespiratorymetabolism
is changed in the mutants.
4. Discussion
Δcal1/cal2i plants have been previously characterized with re-
spect to development, photomorphogenesis and photosynthesis
[20]. To investigate the role of CAL proteins in metabolism, mutants
here were characterized with respect to the mitochondrial com-
partment. Five different types of CA/CAL proteins, CA1, CA2, CA3,
CAL1 and CAL2, were previously shown to form part of respiratory
complex I [14,16]. All proteins were found exclusively as constitu-
ents of complex I or its assembly intermediates but not as free pro-
teins [16]. So far, carbonic anhydrase activity could not be
monitored for any of the CA/CAL proteins [45,20]. However,
Escherichia coli lysates overexpressing CA2 were shown to
efﬁciently bind CO2/HCO3−[17]. What could be the physiological
role of the CA/CAL proteins?
4.1. The function of the CA/CAL proteins
It has been proposed that complex I-integrated CA/CAL proteins are
involved in a CO2 recycling mechanism by promoting efﬁcient transfer
of CO2 from mitochondria to chloroplasts [46,47]. The mechanism in-
volves CO2-bicarbonate conversion in mitochondria, transport of
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from bicarbonate by chloroplast-localized carbonic anhydrases and ﬁ-
nally re-ﬁxation of CO2 by RubisCO. It should be of special importance
at high photorespiration, so low CO2 concentrations. The proposed pro-
cess resembles the well-studied carbon concentration mechanism
(CCM) of cyanobacteria, which also requires presence of
(cyanobacterial) complex I [48,49]. Some experimental results were
interpreted to support presence of the proposed CO2 transfer mecha-
nism from mitochondria to chloroplasts: (i) When photosynthetic
rates were compared between protoplasts and isolated chloroplasts,
the protoplasts performed better at low CO2 suggesting that an internal
CO2 source was available in protoplasts but not in isolated chloroplasts
[50]. Increase of photosynthesis rates in protoplasts was repressed in
the presence of inhibitors of carbonic anhydrases. (ii) Transcription of
genes encoding the CA/CAL proteins is reduced if plants are cultivated
at high CO2 [18,22]. (iii) The tobaccoΔcmsIImutantwhich has drastical-
ly reduced amounts of complex I exhibits diminished steady-state pho-
tosynthesis. Inhibition of photosynthesis was reduced if plants are
cultivated at high CO2 [51]. This was very recently also described for
an Arabidopsis mutant lacking CA2 and additionally, either the CAL1
or the CAL2 protein [22]. Under photorespiratory conditions carbon as-
similation is diminished and glycine accumulates in double mutant
plants. However, plants were cultivated at comparatively low light
and it remains to be established if the Δca2/Δcal2 phenotype is
completely rescued by high CO2 in the presence of increased light inten-
sities [22]. In summary, the speciﬁc role of the CA/CAL proteins during
photosynthesis is still not fully understood and has to be further
investigated.
The CA/CAL proteins belong to an acetyltransferase superfamily
[45,20]. Indeed, overexpressed CAL2 has been shown to have a low
but measurable in vitro histone acetyltransfrase activity [20]. However,
mitochondrial substrates could not be identiﬁed. In conclusion, the
biochemical role of the CA/CAL proteins still is far from clear.
In this study, we provide additional insights into the metabolic
context of CA/CAL function. Protein analyses revealed down-
regulation of the L-subunit of the GDC complex (Table 1 and Fig. 8)
and reduced gly/ser ratios in the mutants (Fig. 10). These results
might indicate lower photorespiratory ﬂux in the mutants. At ﬁrst
glance, these data are not supporting the inner-cellular CO2 transfer hy-
pothesis, because higher rates of photorespiration would be expected if
the CO2 pump would be inactive in the mutants. Consequences of the
mutation on photorespiration might not only affect the CO2 recycling
but also the NAD+/NADH ratio. However, reduced growth of the mu-
tants at normal conditions (Fig. 1) suggests that also photosynthetic
rates were reduced in the mutants and that reduced photorespiration
was simply a consequence of reduced photosynthesis. This is also in
line with the slightly more positive growth response of the mutants
when atmospheric CO2 concentrations were increased (Fig. 9) and the
higher concentration of stress-related proteins (Table 1 and Fig. 8).
Data on photosynthetic rates of themutants at different CO2 concentra-
tions would be helpful to better understand these results but we were
not able to generate these data as mutant leaves were too small for re-
producible gas exchange measurements. It can be concluded that CA/
CAL function is relevant in the context of photorespiration but evidence
that this group of proteins is speciﬁcally involved in the proposed CO2
transfer mechanism is still not conclusive.
4.2. Proteome analyses for investigating CAL function in plants
Proteome analyses have been carried out to systematically investi-
gate consequences of CAL depletion in mitochondria of plants. More
than 80 proteins were identiﬁed which were speciﬁcally changed in
abundance. In general, complex I subunits were much reduced. This
was shown for 23 different subunits of this protein complex. Overall,
complex I comprises about 49 subunits in plants [10,11]. It can be as-
sumed that complex I subunits not identiﬁed by our study also are ofreduced abundance inΔcal1/cal2i lines butwere not detecteddue to hy-
drophobicity (hydrophobic proteins are poorly resolved by IEF) or spot
overlappings on the 2D gels. Interestingly, enzymes of deﬁned
metabolic pathways were of increased abundance in the mutants, like
enzymes involved in pyruvate and glutamate catabolism. Indeed, accu-
mulation of glutamate was observed for Δcal1/cal2i lines by metabolite
analysis. Finally, stress-related proteins clearly are induced in the mu-
tant. Some of the stress-related proteins were previously assigned to
other cellular compartments, like the cytoplasm and the ER. It remains
to be established whether these proteins are imported into mitochon-
dria upon stress or rather attached to the surface of the organelles. A
comparative whole-plant proteome experiment would be desirable
for not only monitoring protein changes in the mitochondrial compart-
ment but the entire cell.
4.3. Complex I mutants in plants
Some other complex I deﬁcient mutants were characterized previ-
ously [52,51,18,38,53]. Complex Imutants exhibit rather heterogeneous
phenotypic properties [11]. In general, growth of mutant plants is
reduced, development is delayed and leaves are curled. The extend of
growth reduction depends on the level of residual complex I [53].
Mutants with a complete loss of complex I are also impaired in seed
development and germination [54,53]. Also the Δcal1/cal2i lines have
a delayed development (Fig. 1) curled leaves and reduced germination
rates (Fig. 9A). For the tobacco ΔcmsII mutant it has been shown that
complex I deﬁciency has an impact on photosynthetic efﬁciency [51].
In contrast, the Δcal1/cal2i lines showed no differences in photosyn-
thetic efﬁciency [20]. This was conﬁrmed in the frame of our study
(data not shown). For the Δndufs4 and Δndufv1 mutants, which largely
or completely lack complex I, increased levels of TCA cycle intermedi-
ates have been reported [53]. Increased levels of TCA metabolites also
were found for Δcal1/cal2i lines with the exception of succinate.
However, day times of harvesting plant material differ between the
two studies, thereby limiting the comparability of the data sets. Overall,
both studies indicate that complex I represents a negative regulator of
the TCA cycle. In summary, effects caused by CAL depletion basically
resemble those obtained for other complex I mutants and therefore,
do not allow drawing conclusions on speciﬁc CAL function.
4.4. Regulation of nuclear gene expression with respect to mitochondrial
proteins
Most complex I subunits are encoded by nuclear genes, synthesized
in the cytosol and posttranslationally transported into the organelle
[11]. In Δcal1/cal2i mutant lines complex I levels were much reduced
(Fig. 5). At the same time, accumulation of assembly intermediates or
singular complex I subunits did not occur (Fig. 6). This either could be
caused by speciﬁc degradation of excess subunits or by the down-
regulation of the genes encoding complex I subunits in the nucleus
and in the mitochondrial compartment. Indeed, transcription of CA
genes localized in the nucleus is slightly reduced in some of the
CAL-depleted plants (Fig. 3). We cannot exclude off-target effects of
the CAL2-directed RNAi construct but alternatively conclude that
down-regulation of complex I genes in the mutant lines and the ER
might be caused by speciﬁc signaling processes. The chemical nature
of the signals for adapting nuclear gene expression to the requirements
of themitochondrial compartment is currently unknown. Signals can be
assumed to be highly speciﬁc because levels of other OXPHOS
complexes were not changed in CAL-deﬁcient plants (Fig. 5).
5. Conclusion
In conclusion, new molecular adaptations to depletion of the
complex I-integrated CA/CAL proteins have been identiﬁed, but more
insights into the physiological role of this group of proteins, besides
Table 1
Proteins of changed abundance between wt and Δcal1/cal2i 5 lines. Numbers of analyzed spots refer to Fig. 7.
Spot volumes indicated with− are of N1.5 fold increased abundance in wt and spot volumes indicated with + are of N1.5 fold increased abundance in the mutant.
Identity in Arabidopsis












p-Value of ratio of mean
normalized volume
‘mutant’/mean normalized
volume ‘wt’ Delta 2Dk
78 AT3G62790 Complex I, 15 kDa-1 subunit Respiratory chain M 9.89 196 25 4 37.35 −2.37 0.00326
65 AT5G67590 Complex I, 18 kDa subunit Respiratory chain M 17.12 348 51 8 37.66 −5.11 0.00512
36 AT4G02580 Complex I, 24 kDa subunit Respiratory chain M 28.37 262 18 7 26.27 −2.19 0.00877
41 AT4G02580 Complex I, 24 kDa subunit Respiratory chain M 28.37 649 93 12 34.12 −4.32 0.00028
31 AT2G20360 Complex I, 39 kDa subunit Respiratory chain M 43.91 876 89 22 37.06 −2.13 0.00286
13 AT5G08530 Complex I, 51 kDa subunit Respiratory chain M 53.42 994 76 22 42.18 −2.14 0.00372
14 AT5G08530 Complex I, 51 kDa subunit Respiratory chain M 53.42 1245 118 29 53.50 −2.96 0.00313
20 AT5G08530 Complex I, 51 kDa subunit Respiratory chain M 53.42 682 45 14 23.87 −3.92 0.00471
7 AT5G37510 Complex I, 75 kDa subunit Respiratory chain M 81.13 1322 90 26 38.26 −3.62 0.00062
11 AT5G37510 Complex I, 75 kDa subunit Respiratory chain M 81.13 2437 200 49 54.90 −3.12 0.00207
74 ATMG00510 Complex I, ND7 Respiratory chain M 44.93 97 14 3 8.12 −2.39 0.00104
52 AT5G52840 Complex I, B13 Respiratory chain M 19.17 1042 92 19 75.74 −2.01 0.00074
69 AT5G52840 Complex I, B14 Respiratory chain M 19.17 149 9 4 27.81 −1.85 0.00910
61 AT2G42210 Complex I, B14.7 Respiratory chain M 16.99 178 23 5 22.64 −1.76 0.00802
62 AT2G42210 Complex I, B14.7 Respiratory chain M 16.99 286 56 10 26.42 −2.00 0.00337
64 AT3G03100 Complex I, B17.2 Respiratory chain M 18.31 349 31 7 46.54 −3.89 0.00453
67 AT3G03100 Complex I, B17.2 Respiratory chain M 18.31 566 60 12 62.26 −2.60 0.00502
71 AT4G34700 Complex I. B22 Respiratory chain M 13.61 448 42 8 63.25 −2.73 0.00028
75 AT4G34700 Complex I. B22 Respiratory chain M 13.61 414 37 9 48.72 −5.10 0.00309
43 AT1G19580 Complex I, CA1 Respiratory chain M 29.95 345 28 10 35.27 −2.97 0.00135
50 AT1G19580 Complex I, CA1 Respiratory chain M 29.95 428 37 8 40.36 −1.93 0.00833
47 AT1G47260 Complex I, CA2 Respiratory chain M 30.05 665 52 15 55.40 −4.83 0.00092
50 AT1G47260 Complex I, CA2 Respiratory chain M 30.05 474 36 10 36.69 −1.93 0.00833
40 AT5G66510 Complex I, CA3 Respiratory chain M 27.82 488 38 9 42.25 −1.79 0.00065
49 AT3G48680 Complex I, CAL2 Respiratory chain M 27.94 678 64 11 42.58 −4.28 0.00744
34 AT1G79010 Complex I, TYKY-1 Respiratory chain M 25.49 669 109 18 57.21 −2.70 0.00009
34 AT1G16700 Complex I, TYKY-2 Respiratory chain M 25.36 568 106 6 52.70 −2.70 0.00009
55 AT5G11770 Complex I, PSST Respiratory chain M 24.03 456 73 12 36.70 −1.97 0.00975
68 AT5G47570 Complex I, ASHI Respiratory chain M 13.20 126 32 3 19.20 −3.50 0.00111
58 AT1G67350 Complex I, plant speciﬁc subunit Respiratory chain M 11.78 308 40 7 61.22 −2.99 0.00002
59 AT1G67350 Complex I, plant speciﬁc subunit Respiratory chain M 11.78 376 75 12 56.12 −4.97 0.00000
69 AT1G67350 Complex I, plant speciﬁc subunit Respiratory chain M 11.78 138 9 3 28.57 −1.85 0.00910
70 AT2G42310 Complex I, plant speciﬁc subunit Respiratory chain M 12.62 146 28 4 33.33 −3.20 0.00002
76 AT2G42310 Complex I, plant speciﬁc subunit Respiratory chain M 12.62 120 15 3 33.33 −2.12 0.00458
80 AT4G20150 Complex I, plant speciﬁc subunit Respiratory chain M 9.20 263 47 8 29.63 −7.69 0.00296
122 AT2G27730 Complex I, plant speciﬁc subunit Respiratory chain M 11.94 404 35 6 51.33 +3.85 0.00091
40 AT1G17350 Complex I interm. Assoc. protein 30 Respiratory chain M 25.23 594 67 13 40.09 −1.79 0.00065
102 AT5G40650 Complex II, SDH2-2 Respiratory chain M 31.12 813 92 20 53.93 +1.70 0.00764
38 AT3G02090 Complex III, MPPbeta Respiratory chain M 59.12 481 39 10 18.64 −3.34 0.00132
33 AT1G19140 Ubiquinone biosynthesis protein COQ Respiratory chain M 34.32 745 107 21 41.48 −1.97 0.00042
122 AT1G66590 Complex IV, COX19-1 Respiratory chain M 10.93 310 27 7 70.41 +3.85 0.00091
16 AT1G48030 Glycine decarboxylase L-1 (GDC-L-1) Photorespiration M 53.95 1254 127 26 53.85 −1.80 0.00479
17 AT1G48030 Glycine decarboxylase L-1 (GDC-L-1) Photorespiration M 53.95 794 62 18 38.66 −2.96 0.00741
18 AT1G48030 Glycine decarboxylase L-1 (GDC-L-1) Photorespiration M 53.95 1557 170 29 53.85 −1.58 0.00037
19 AT1G48030 Glycine decarboxylase L-1 (GDC-L-1) Photorespiration M 53.95 1394 120 24 50.49 −1.99 0.00216
35 AT5G26780 Serine hydroxymethyltransferase 2 (SHMT 2) Photorespiration M 57.31 509 65 12 22.24 −2.09 0.00278
39 AT5G26780 Serine hydroxymethyltransferase 2 (SHMT 2) Photorespiration M 57.31 683 63 13 32.11 −3.04 0.00553
44 AT5G26780 Serine hydroxymethyltransferase 2 (SHMT 2) Photorespiration M 57.31 489 29 9 18.57 −2.43 0.00084
46 AT5G26780 Serine hydroxymethyltransferase 2 (SHMT 2) Photorespiration M 57.31 505 54 10 17.79 −2.33 0.00294
25 AT1G59900 Pyruvate dehydrogenase E1 alpha-1 (PDC) Pyruvate catabolism M 43.03 512 45 15 34.45 −2.45 0.00867
28 AT1G59900 Pyruvate dehydrogenase E1 alpha-1 (PDC) Pyruvate catabolism M 43.03 1502 176 35 57.07 −1.74 0.00155
29 AT1G24180 Pyruvate dehydrogenase E1 alpha-2 (PDC) Pyruvate catabolism M 43.33 1082 98 29 53.18 −1.85 0.00728
22 AT5G50850 Pyruvate dehydrogenase E1 beta (PDC) Pyruvate catabolism M 39.15 970 100 18 43.80 −1.89 0.00181
82 AT3G55410 Oxoglutarate dehydrogenase E1-2 Glutamate catabolism M 115.09 907 60 18 23.89 +2.78 0.00257
85 AT5G65750 Oxoglutarate dehydrogenase E1-1 Glutamate catabolism M 116.33 224 14 7 9.07 +3.50 0.00305
94 AT5G18170 Glutamate dehydrogenase 1 (GDH1) Glutamate catabolism M 44.50 660 64 14 32.36 +1.67 0.00722


























p-Value of ratio of mean
normalized volume
‘mutant’/mean normalized
volume ‘wt’ Delta 2Dk
95 AT5G18170 Glutamate dehydrogenase 1 (GDH1) Glutamate catabolism M 44.50 763 68 18 36.25 +1.83 0.00847
95 AT5G07440 Glutamate dehydrogenase 2 (GDH2) Glutamate catabolism M 44.67 569 46 7 30.90 +1.83 0.00847
4 AT1G06950 Tic110 Transport P 112.05 642 25 14 16.24 −1.78 0.00100
5 AT1G06950 Tic110 Transport P 112.05 841 42 17 23.43 −1.84 0.00921
6 AT4G01660 ABC1 Transport M 68.58 1408 87 27 47.03 −1.69 0.00673
79 AT5G14040 Mt phosphate transporter Transport M 40.06 414 60 9 16.00 −2.12 0.00102
106 AT5G19760 Dicarboxylate/tricarboxylate carrier (DTC) Transport M 31.89 624 59 13 46.64 +4.67 0.00269
114 AT5G40930 TOM20-4 Transport M 20.96 481 56 11 42.78 +2.12 0.00606
119 AT3G46560 TIM9 Transport M 10.71 567 131 19 79.57 +1.66 0.00519
9 AT2G45030 Elongation factor 2 (EFG/EF2) Protein biosynthesis M 83.06 761 61 19 26.66 −2.44 0.00273
94 AT4G02930 Elongation factor Tu Protein biosynthesis M 49.38 502 40 13 34.58 +1.67 0.00722
97 AT1G07920 Elongation factor 1-alpha Protein biosynthesis C 49.47 497 38 11 28.95 +2.14 0.00243
103 AT4G28510 Prohibitin-1 Protein folding & processing M 31.69 756 53 14 43.75 +1.59 0.00804
103 AT1G03860 Prohibitin-2 Protein folding & processing M 31.79 649 54 6 39.16 +1.59 0.00804
104 AT1G03860 Prohibitin-2 Protein folding & processing M 31.79 672 71 12 48.60 +2.13 0.00081
105 AT2G20530 Prohibitin-6 Protein folding & processing M 31.62 779 78 17 52.80 +5.22 0.00004
15 AT4G35850 Pentatricopeptide repeat3 (PPR3) Processing of nucleic acids M 50.42 507 45 14 36.04 −1.89 0.00307
54 AT3G20390 Endoribonuclease L-PSP family protein Processing of nucleic acids P 19.80 547 26 9 58.82 −1.92 0.00135
62 AT4G11010 Nucleoside diphosphate kinase 3 (NDPK3) Processing of nucleic acids M 25.72 346 27 8 29.83 −2.00 0.00337
86 AT5G04130 DNA gyrase B2 (GYRB2) Processing of nucleic acids M 81.00 577 63 12 17.49 +2.61 0.00244
87 AT5G04130 DNA gyrase B2 (GYRB2) Processing of nucleic acids M 81.00 681 78 15 19.54 +3.30 0.00246
101 AT5G51080 RNase H family protein Processing of nucleic acids M 35.38 601 52 12 36.34 +8.65 0.00444
107 AT4G30930 Ribosomal RPL21M protein Processing of nucleic acids M 30.89 281 14 5 22.22 +1.86 0.00372
113 AT1G14620 DECOY Processing of nucleic acids M 27.12 644 69 14 39.91 +1.60 0.00783
112 AT3G06790 Multiple organelle RNA edit. Factor 3 (MORF3) Processing of nucleic acids M 27.54 321 24 6 30.33 +1.50 0.00882
21 AT1G48850 Embryo defective 1144 (EMB1144) Amino acid metabolism P 47.29 743 72 18 36.93 −2.72 0.00227
29 AT4G35630 Phosphoserine aminotransferase (PSAT) Amino acid metabolism P 47.33 1003 105 24 46.28 −1.85 0.00728
17 AT3G10050 L-O-methylthreonine resistant 1 (OMR1) Amino acid metabolism P 64.59 644 44 15 28.89 −2.96 0.00741
72 AT5G10860 Cystathionine beta-synthase (CBS) family protein Amino acid metabolism M 22.71 351 45 9 30.58 −1.88 0.00749
109 AT5G65720 Nitrogen ﬁxation S-like 1 (NFS1) Amino acid metabolism M 36.10 414 44 17 24.62 +1.77 0.00875
27 AT3G09260 Beta-glucosidase 23 (BGLU23 or PYK 10) Stress response ER 59.68 527 44 11 25.57 −1.51 0.00119
89 AT1G66270 Beta-glucosidase 21 (BGLU21) Stress response ER 59.63 1011 126 23 40.84 +2.73 0.00033
91 AT1G66270 Beta-glucosidase 21 (BGLU21) Stress response ER 59.63 1056 109 23 39.12 +3.31 0.00060
115 AT1G66270 Beta-glucosidase 21 (BGLU21) Stress response ER 59.63 306 28 6 10.50 +7.09 0.00031
88 AT1G66280 Beta-glucosidase 22 (BGLU22) Stress response ER 59.74 625 51 13 29.96 +2.46 0.00515
90 AT1G66280 Beta-glucosidase 22 (BGLU22) Stress response ER 59.74 924 81 20 36.83 +2.31 0.00485
92 AT1G66280 Beta-glucosidase 22 (BGLU22) Stress response ER 59.74 1350 146 28 40.84 +1.82 0.00307
93 AT1G66280 Beta-glucosidase 22 (BGLU22) Stress response ER 59.74 745 67 16 37.21 +3.01 0.00449
96 AT1G66280 Beta-glucosidase 22 (BGLU22) Stress response ER 59.74 389 32 8 20.04 +3.32 0.00082
98 AT3G16450 Jacalin-related lectin 33 (JAL33) Stress response ER 32.00 1002 92 18 52.67 +1.59 0.00378
99 AT3G16420 PYK 10 binding protein (PBP1) Stress response C 32.14 625 70 11 36.91 +2.25 0.00091
100 AT3G16420 PYK 10 binding protein (PBP1) Stress response C 32.14 459 41 9 27.18 +4.24 0.00864
1 AT1G29900 Carbamoyl phosphate synthetase B (CARB) Other metabolic pathways P 129.87 236 9 5 7.41 −2.95 0.00860
12 AT5G27600 Long chain acyl-CoA synthetase 7 (LACS7) Other metabolic pathways PX 77.30 130 8 3 5.86 −1.72 0.00929
23 AT4G29130 Hexokinase 1 (HXK1) Other metabolic pathways M 53.67 627 57 11 26.61 −1.59 0.00458
26 AT2G01140 Fructose-bisphosphate aldolase Other metabolic pathways P 42.30 985 74 20 46.29 −1.52 0.00428
30 AT4G05390 Root-type ferredoxin:NADP(H) oxidor. (RFNR1) Other metabolic pathways P 42.37 1230 150 35 60.85 −2.98 0.00214
32 AT4G08770 Peroxidase 37 (Prx37) Other metabolic pathways EX 38.18 511 63 13 28.61 −3.48 0.00348
42 AT4G16800 Enoyl-CoA hydratase Other metabolic pathways M 32.77 958 95 22 63.79 −1.98 0.00259
51 AT4G05530 Indole-3-butyric acid response (IBR1) Other metabolic pathways PX 26.75 640 73 12 43.70 −1.57 0.00909
60 AT3G07480 2Fe-2S ferredoxin-like superfamily protein Other metabolic pathways M 17.59 407 41 6 32.70 −7.81 0.00002
111 AT1G02920 Glutathione S-transferase 7 (ATGSTF7) Other metabolic pathways C 23.58 593 55 12 55.98 +2.98 0.00252
24 AT1G43800 Plant stearoyl-acyl-carrier-protein desaturase family Not known P 44.13 818 93 21 34.78 −2.89 0.00235
63 AT5G08060 not described Not known M 15.03 547 134 16 83.21 −3.27 0.00005
73 AT3G03070 NADH-ubiquinone oxidoreductase-related Not known M 12.23 195 33 5 16.36 −4.37 0.00031
81 AT2G46540 Not described Not known M 6.80 180 28 2 36.92 −7.09 0.00229
83 AT5G09840 Not described Not known M 102.30 121 4 2 2.27 +2.61 0.00258
110 AT2G45060 Not described Not known N 30.32 556 44 10 36.76 +1.71 0.00317












Fig. 8. Protein categories changed in Δcal1/cal2i plants relative to wt plants. a) pyruvate
catabolism(3proteins), b) complex I subunits (23proteins), c) photorespiration (2proteins),
d) glutamate catabolism(4proteins), e) prohibitins (3proteins), f) proteins involved in stress
response (5 proteins).
69S. Fromm et al. / Biochimica et Biophysica Acta 1857 (2016) 60–71their requirement for complex I assembly, are still required. Analysis of
further double and eventually triple and quadruplemutantswill be nec-
essary in future research, as well as transformation of CA/CAL deﬁcientFig. 9. Phenotype of Arabidopsis wt and Δcal1/cal2i lines at 400 ppm and 2000 ppm CO2. Rose
after cultivation for fourweeks at 400 ppm CO2 (A, B: black bars) and 2000 ppm CO2 (B: white b
calculated for each genotype (C). n = 6 to 15 (biological), mean ± SE, ** p ≤ 0.01 (student's t-
Notes to Table 1:
a Spot number in accordance with Fig. 7. Note: some spots include more than one protein.
b Accession numbers as given by TAIR (http://www.arabidopsis.org/).
c Proteins are named according to the corresponding genes annotated at TAIR (www.arabid
d Subcellular localization according to SUBAcon (http://suba3.plantenergy.uwa.edu.au/, [55])
(C), nucleus (N), extracellular (EX).
e Calculated molecular mass of the identiﬁed protein as deduced from the corresponding gen
the proteins after import into mitochondria.
f Probability score for the protein identiﬁcation based on mass spectrometry analysis and M
g Number of matching peptides.
h Unique peptides out of the number of matching peptides.
i Sequence coverage of a protein by identiﬁed peptides in %.
j Ratio of spot volume of mutant to ratio of spot volume to wt. Spot volumes were calculate
Germany).−: decreased spot volume in mutant; +: increased spot volume in mutant.
k p-values of ratio of spot volume of mutant to ratio of spot volume to wt.plantswith constructs encoding altered versions of CA andCAL proteins.
This eventually will allow discriminating between the biochemical
functions of the CA/CAL proteins and their role in complex I assembly.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2015.10.006.
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